Introduction
Atom optics, in analogy to electron or neutron optics, is concerned with the manipulation of atomic matter waves (1) (2) (3) . Experiments on atomic beams have been performed since the nineteen-twenties, but recently the improvement of tools, like free-standing microstructures and tunable laser light, has lead to a rapid development of the field. Beams of atoms have been split coherently, focussed and reflected from mirrors. "Optical instruments" for atoms have a number of potential applications: Atom interferometers could be well suited as gravitational and inertia] sensors and may allow precision measurements of atomic properties. A number of such measurements have already been carried out. An "atom-microscope" -investigating the interaction of atoms with surfaces with high spatial resolution -may provide an interesting new tool for surface physicists. "Atom lithography" may allow the deposition of atoms on surfaces with high precision. Cavities for atoms could be interesting to store cold atoms and for the study of quantum-statistical effects.
In the first part oftbis article we attempt to provide a very brief introduction to atom optics. In the second and third part we report on recent experiments in our group on two specific atom-optical elements that may be useful in atom interferometers and atom cavities: the demonstration of a new beam splitter based on the diffraction of atomic matter waves from a "magneto-optical grating" and the investigation of a mirror based on the reflection of atoms from an evanescent light field.
Atom optics
Particle beams exhibit many phenomena well known from classical optics like diffraction and refraction. Particle optics based on electrons and neutrons [4] are well established fields. Experiments with these particles have played an important role in exploring the puzzling wave-particle duality. Both neutron and electron interferometers have been used in many beautiful experiments, which have improved our understanding of quantum mechanics. The interactions of neutron and electron beams with matter have become indispensable tools in the analysis of structures and surfaces, consider e.g. neutron scattering and the electron microscope.
As atoms are different from electrons and neutrons, particle optics with atoms promises a wealth of new effects and applications. Like neutrons, atoms are neutral and therefore cannot be manipulated as easily as electrons or ions using static electromagnetic fields. In return beams of atoms and neutrons are less susceptible to electromagnetic stray fields. Atoms are heavier, which makes them more suitable as gravitational and inertial sensors and means that very short de Broglie wavelengths can be obtained for lower particle energies. Atoms come in many species, which can be either bosons or fermions, and may have a total angular momentum or magnetic moment much larger than neutrons or electrons.
Beams of atoms are easier and cheaper to produce than neutron beams as there is no need for a nuclear reactor. And maybe most importantly, atoms have a complex internal structure that can be probed and manipulated using resonant laser light or static electromagnetic fields.
As in classical optics, the building blocks of any experiment are optical elements e.g. beamsplitters, mirrors and lenses. Light can be manipulated by transmission through interfaces between materials with different refractive indices. Electrons, due to their charge, couple strongly to static electric or magnetic fields. Neutrons penetrate through solids and can be diffracted from crystal lattices. As atoms experience much smaller forces in static fields and do not penetrate through matter, none of these approaches are suitable for atom optics.
So far optical elements for atoms have been demonstrated using diffraction, refraction or the recoil due to the stimulated emission or absorption of a single photon. "Diffractive optical elements" achieve the desired distortion of an incoming wave front by interaction with small structures, thus exploiting the wave nature of the atomic centre of mass motion. "Refractive optics" is based on introducing phase shifts by a spatial modulation of the index of refraction experienced by the atoms. In analogy to standard optics the index of refraction is defined as the ratio of a particle's group velocity and the vacuum group velocity. The diffraction of thennal atoms from free-standing micro-fabricated gratings has been studied by several groups [7, 8) . The first deflection of an atomic beam by the light pressure force was already demonstrated by Frisch in 1933 [9] . In recent years the availability of intense tunable laser radiation has again focussed interest on the mechanical effects of atom-light interactions. The feasibility of such experiments has stimulated considerable theoretical interest. In addition to the conservative interaction using the dipole force, the spontaneous decay of excited electronic states can be utilized for the preparation of atomic beams by laser cooling techniques to obtain well-collimated, dense atomic beams with a well defined velocity. 
Experiment
We investigated the magneto-optical beamsplitter in an experiment using helium atoms in the triplet state. The light field was resonant with the transition at 1083 nm from the metastable 2 3 S 1 state to the 2 3 p 1 state. If the incoming metastables are optically pumped into the mJ=O substate a V-type three-level system as depicted in figure 1a is obtained. A schematic of our experimental setup is displayed in figure 3 . The laser beam, which was derived from a Ti:sapphire ring laser, was focussed to a waist of 21 Ilm in the beam direction. In 1987 Balykin et al. reported such a reflection experiment using sodium atoms [25] . Kasevich et al. have demonstrated an "atomic trampoline" by bouncing slow sodium atoms off an evanescent wave under normal incidence [26] . Aminoff et al. recently have observed four bounces in this configuration using cesium atoms [27] . In our group we have investigated the reflection properties of an evanescent wave using metastable argon atoms.
ReOection oCmetastable argon atoms Crom an evanescent wave
In the first experiment we produced an evanescent wave on the surface of a glass prism in the setup shown in figure 6 . The glass prism could be rotated to examine the reflection properties for various angles of incidence. A beam of metastable argon atoms in the metastable triplet state was directed on the glass prism such .. The peaks at zero detlection angle are due to unretlected atoms which pass the glass prism while the right peaks are due to retlected atoms.
Enhancements of evanescent waves using planar waveguides
In order to reflect larger transverse velocities or in order to decrease the number of spontaneous emission by increasing the detuning very intense evanescent light waves are important. This is true despite the fact that the maximum transverse velocity and therefore the maximum angle of incidence scales only with the fourth root of the light intensity. The intensity of the evanescent field can be enhanced by resonantly increasing the light intensity at the surface. One possibility would be to use the surface as a mirror in a resonator. A specific type of such a resonator is a planar waveguide as shown in the inset of figure 8 . In our experiment a Ti0 2 layer was used as the planar waveguide. The light was coupled in from a high index of refraction glass substrate (LaSFNlIJ through a Si0 2 spacer layer using frustrated total reflection. The evanescent field above the waveguide was enhanced by a factor of about 130 compared to the total internal reflecJion in the same prism for the same choice of polarization and angle of incidence (this is not the optimum choice of polarization for the reflection from a "bare" glass surface) [28] .
We observed reflection of triplet argon atoms from this enhanced evanescent light field for angles of incidence e up to 6 mrad. This corresponds to transverse velocities of 3.4 mls. An experimental result for the atomic intensity as a function of deflection angle is displayed in figure 8.
Enhancements of evanescent waves using surface plasmons
Another way to resonantly enhance the intensity of an evanescent wave is to excite surface plasmons in a metal film deposited on the surface of a glass substrate. Surface plasmons are surface waves of the electron gas in a metal that can be excited by reflecting light from a thin metal film. Reflection of atoms from plasmon enhanced evanescent waves very recently has been investigated by Feron et al. and Esslinger et al. [29, 30] . In our experiment we used a 52 nm silver film on a glass substrate (Kretschmer configuration). For this configuration we again found reflection of atoms up to angles of incidence e of 6 mrad. An experimental result is displayed in figure 9 .
We have performed numerical simulations on the reflection from the three SC1·Cf92-0778.
